Radish, Raphanus sativus L. (2n = 2x = 18), is one of the most important vegetable in East Asia as well as other cruciferous plants, and is cultivated worldwide. Its hypertrophied part of root is mainly used cooked, pickled, or in salads. In South Asia, young pods are used as a vegetable. A wide morphological variation is known in this species. Yearround production systems for radish have been established in Japan. So far, a number of cultivars having various traits such as disease resistance, bolting resistance and early maturing, have been bred (Nishi and Nishizawa 1956, Ashizawa et al. 1979) .
Molecular markers provide a powerful tool for efficient selection of the genotypes having desired agronomic traits, yield, quality, disease resistance etc., and this strategy is known as marker-assisted selection (MAS). In Raphanus sativus, there are some reports on molecular markers to improve the F 1 hybrid seed production system. Niikura and Matsuura (1998) identified several S-alleles, controlling self-incompatibility, using the cleaved amplified polymorphic sequence (CAPS) of S-locus specific glycoprotein (SLG) gene. Furthermore, a sequence-tagged site (STS) marker linked to a fertility restorer (Rf) gene for Ogura cytoplasmic male sterility was developed from an amplified fragment length polymorphism (AFLP) band (Murayama et al. 2003) .
High-density genetic linkage maps are also useful in breeding programs. The map will provide information on genetics of complex traits that do not display Mendelian segregation (Lee 1995) . In addition, comparative mapping of related species can provide valuable information of synteny (Ahn and Tanksley 1993) . R. sativus genome is closely related to the Brassica A and C genomes carried by vegetable and oilseed plants of Brassica rapa, B. oleracea and B. napus (Warwick and Black 1991) . Linkage maps of Brassica species have been extensively studied (Pradhan et al. 2003 , Sharma et al. 2002 , Suwabe et al. 2003 . However, only a few reports on radish have been published. The information on the related Brassica species is very helpful for MAS in radish breeding. Bett and Lydiate (2003) constructed genetic linkage maps from F 2 and BC 1 populations derived from an interspecific hybrid between R. sativus and R. raphanistrum, based on RFLP probes of Brassica. However, no intraspecific linkage maps of R. sativus have been reported.
Our final goal is construction of a linkage map of R. sativus and mapping of various agronomic traits, including resistance to clubroot pathogen, Plasmodiophora brassicae. As the first step, we constructed a linkage map based on a pseudo-test cross using a segregating F 1 population. The method is mainly used in allogamous and vegetatively reproducing species (Grattapaglia and Sederoff 1994, Nikaido et al. 2000) . Homozygous plants are difficult to develop in radish because it has strong inbreeding depression and takes a very long time to breed. Therefore, a map based on a pseudotest cross is suitable for starting a mapping study for radish. In addition, we also tried to locate SSR developed from a genomic library of B. rapa and SLG markers on the Raphanus map to clarify synteny between Brassica and Raphanus genomes.
Plant materials
Two cultivars of radish, 'Huang-he hong-wan' (Sakata Seed Co., Yokohama, Japan) and 'Utsugi-gensuke' (Ishikawa Agricultural Research Center, Kanazawa, Japan) (2n = 18) were employed. 'Huang-he hong-wan' is a Chinese radish, which has a globular root with red skin and is susceptible to clubroot disease. 'Utsugi-gensuke' is a Japanese radish having white-colored, rather short and thick-shaped root, and resistant to clubroot. Reciprocal crossing between one plant of each cultivar as a parent was carried out and their F 1 plants were individually grown in pots. A total of 94 F 1 plants, 46 plants obtained using 'Huang-he hong-wan' as seed parent, and 48 obtained using 'Utsugi-gensuke' as seed parent, were used for genetic analysis.
Total DNA was extracted from young leaves using a Phytopure DNA extraction kit (Amarsham Biosciences, USA). AFLP analysis was carried out according to Vos et al. (1995) with some modifications. Total DNA of each plant was digested with restriction enzymes EcoRI and MseI. The digested DNA was ligated to the two adapters of EcoRI and MseI, and then pre-amplification was conducted with a pair of pre-selective primers of EcoRI and MseI. Selective amplifications were performed with primers having 3 additional nucleotides at 3′ ends of both EcoRI and MseI recognition sites. The 5′ end of EcoRI primer was labeled with D2-, D3or D4-fluorescent dye (Proligo Japan KK, Kyoto, Japan).
The PCR products were mixed with a sample loading solution (Beckman Coulter, USA), and were run on the Beckman CEQ 2000XL sequencer. Samples were injected onto a 33-cm capillary at 2.0 kV for 30 sec. and electrophoresed at 7.5 kV for 35 min at 35°C. PCR fragments were scored using a CEQ 8000 genetic analysis system (Beckman Coulter, USA).
Analysis of SSR polymorphism was carried out using 'BRMS' primer pairs developed for B. rapa (Suwabe et al. 2002 , Table 1 ). The 5′ end of the forward primers was labeled with D2-, D3-or D4-fluorescent dye. The PCR products were analyzed as above. The SSR loci were placed on a 1) SSRs were extracted from the genomic library of a doubled-haploid line of B. rapa, 'G004'.
2) PCR amplification was started at 94°C for 1 min, 35 cycles of 94°C for 1 min, 50°C for 1 min. and 72°C for 1 min, and then 72°C for 4 min. 3) Not detected, and treated as 'null'. 4) Locus heterozygous in both parents and segregated in F 1 population. genetic linkage map of B. rapa (Suwabe et al. 2003) .
Polymorphic analysis of self-incompatibility locus was conducted using PCR-RFLP for self-incompatibility linked glycoprotein gene (SLG) (Niikura and Matsuura 1998) . PCR products were digested with HaeIII, and electrophoresed on an 8% polyacrylamide gel.
The marker data were scored according to the definition of JoinMap3.0 (Van Ooijen and Voorrips 2001). Kosambi mapping function was used for linkage analysis. The F 1 segregating population was analyzed as a "cross pollination" population type (Table 2) (Van Ooijen and Voorrips 2001). For AFLP markers, lm × ll, nn × np and hk × hk were scored for the segregation of locus heterozygous in 'Utsugigensuke', locus heterozygous in 'Huang-he hong-wan', and locus heterozygous in both parents, respectively. For SSR markers, two other types, 'ab × cd' and 'ef × eg', locus heterozygous in both parents with four and three alleles, were also scored, in addition to the above-mentioned three segregation types. Furthermore, segregation type 'lm × ll' was applied, for the S-locus analysis. Codominant markers, with three or four alleles at stake, were considered to be two loci. Table 2 shows the polymorphic loci obtained from AFLP, SSR and CAPS of SLG. In the AFLP analysis, 296 polymorphic markers were detected from 38 primer pairs.
Construction of linkage map
When the 60 SSR primer pairs of B. rapa were analyzed, 59 pairs generated detectable and clear PCR-products. Bett and Lydiate (2003) reported that only 2% of RFLP probes of Brassica failed to hybridize to the F 2 and BC 1 of R. sativus × R. raphanistrum. Their results and ours proved that Raphanus genome is closely related to the Brassica genome. Most of the primers detected one or two bands in each accession. Two primer pairs detected three bands. Checking the segregation profile of the F 1 population, we found six and one primer pairs detecting two and three loci. Of these, 31 polymorphic loci were estimated from 23 primer pairs. Six and sixteen loci were present only in 'Utsugi-gensuke' and only in 'Huang-he hong-wan', respectively, and they were segregated as 1 : 1. In three loci, single identical bands were detected in both parents, and were segregated in the F 1 pop-ulation (3 : 1). These SSRs and AFLPs were subjected in dominant manner. On the other hand, 6 SSR loci were codominant. Three and one loci, having 4 and 3 alleles, segregated as 1 : 1 : 1 : 1, and two loci, having two alleles heterozygous in both parents, segregated as 1 : 2 : 1. Codominant markers give a part of the anchor to integrate two parental maps in JoinMap3.0 (Maliepaard et al. 1997, Van Ooijen personal communication) .
In the S-locus analysis, which is targeted to SLG gene closely linked to S-locus, polymorphic bands were obtained by PCR-RFLP (Niikura and Matsuura 1998) . These bands were unique to 'Utsugi-gensuke', and segregated at a 1 : 1 ratio in the F 1 population.
When a total of 328 polymorphic markers were analyzed, 241 markers (221 AFLPs, 19 SSRs and 1 SLG-CAPS) were located on the linkage map containing 11 linkage groups (LGs) at a logarithm of the odds (LOD) threshold value of 6.5 (Fig. 1) . The remaining 87 markers remained independent. The map consisted of nine major and two minor
LGs. Because LG4 and LG8 were included under the same branches of groups in LG3 and LG7 at LOD 6.0 or lower, we concluded that these two LGs were sub-linkage groups of LG3 and LG7, respectively. On the other hand, LG9 had only 2 markers and was not placed under any branch of LG at any value of LOD.
LG9 is possibly independent. The total map length was 675.8 cM, and the average interval between markers was 2.8 cM. Bett and Lydiate (2003) reported a total map length of 844 cM and 915 cM in F 2 and BC 1 populations of R. sativus × R. raphanistrum. Since a large number of polymorphic loci remained independent in the present study, some parts of the genome remained unmapped. The differences between their results and ours might be partly caused by the difference of plant species, population size and software used for analysis (MAPMAKER vs. JoinMap).
SSR primers developed from B. rapa were used for mapping of Raphanus here. Some of the primer pairs were found to detect more than two loci. For each primer pair, only one locus was mapped, while the others remained unmapped. Although BRMS-287 and BRMS-303 had two loci and were located at the same positions, the two loci were consistent in segregation. Nineteen out of 31 Brassica SSRs (9) 328 (60) 1) The segregation types were according to the CP type population on the JoinMap3.0.
2) The loci were detected in both parents, and were segregated in F 1 population. Namely, segregation of hh + hk : kk was expected as 3 : 1 in a dominant manner. 3) Numbers of loci segregated in distorted order are given in parentheses.
were located on eight LGs (Fig. 1) . The remaining 12 SSRs were unmapped. Most of the unmapped loci showed significant distortion. The reason why only 61.3% of SSRs were located on the linkage map remained unclear. Since Raphanus genome has 1.1 × 10 9 bp, it may be a triplicate of the ancestral crucifer genome, as in the case of Brassica genomes (Lagercrantz et al. 1996 , Lagercrantz 1998 . The present primer pairs can detect more than two homoeologous regions derived from the ancestral genome, as known in the case of detection of RFLP in Brassica genome (Truco et al. 1996) .
In the comparative analysis of linkage groups between B. rapa and R. sativus, LG7, LG9, LG10 and LG11 included only one SSR marker derived from the B. rapa linkage group (BLG) 5, BLG6, BLG6 and BLG4, respectively (Suwabe et al. 2003) . In contrast, 4 other linkage groups, LG1, LG2, LG3 and LG4, comprised more than two SSR loci.
LG5 had two SSRs derived from BLG1. However, the other four LGs have SSRs derived from different BLGs (Fig. 1) . These results suggest that frequent rearrangements might have occurred in the genomes of B. rapa and R. sativus. Lukens et al. (2003) described extensive rearrangements between genomes of B. oleracea and Arabidopsis thaliana. Similarly, a high rate of rearrangement was reported between B. nigra and A. thaliana (Lagercrantz 1998) . Suwabe et al. (2004) described a comparative map of B. rapa and A. thaliana, and proposed that dynamic rearrangements of genome had occurred during the evolutional process. A genome-wide comparative mapping of Brassica and Raphanus may revealed a similar rearrangement in the evolutionary process of crucifer genomes.
The S-locus was located in the middle of LG2 (Fig. 1) . This is the first report of S-locus on the linkage map of Raphanus. This locus would provide important information for agronomical traits, which is closely linked to the S-locus.
In conclusion, we made a genetic linkage map of R. sativus, using AFLP, SSR of B. rapa and SLG markers. The intraspecific linkage map has the advantage of providing accurate positions of loci or QTLs of agronomically useful traits, e.g. root shape, skin color, quantity of glucosinolate and resistance to various diseases. Moreover, the SSR marker would be a powerful tool for constructing a linkage map and synteny analysis of cruciferous species. 
